Deconvolution of magnetic remanence which has been continuously measured along a long-core sample is improved by eliminating the disturbance of severe intensity variation confined to a narrow layer. The deconvolution is constrained by the smoothness of the magnetization measured by the L 2 -norm of second order difference. The previous model uses a single smoothness parameter for the entire sample and the optimum smoothness is obtained by minimizing ABIC (Akaike's Bayesian Information Criterion), while an additional parameter is introduced in the modified scheme for a layer where intensity fluctuation is strong. The modified deconvolution scheme was applied to 5-mm interval magnetic remanence data for two sections of ODP Hole 767B. We assumed another smoothness for the uppermost 1.5 cm of Section 767B-6H1 where the coring disturbance is severe. For Section 767B-6H2, the Australasian microtektite layer (108-113 cm), where the magnetization intensity shows a strong peak, is expressed by a different smoothness parameter from other part. In both cases the minimum ABIC was lowered and the calculated error was reduced, demonstrating the improvement of the model by incorporating additional information other than magnetic remanence data in the prior distribution of the data.
Introduction
Magnetic data, which are measured by a pass-through magnetometer with a broad response function, have to be deconvolved to reveal detailed variations. As the deconvolution operation tends to be ill-natured, some constraints are needed to stabilize the results. Deconvolution of magnetic remanence data from long-core samples was first attempted by Dodson et al. (1974) with the help of a lowpass-filter in the frequency space. However, their method is not objective because they determined the optimum filter shape visually on display. Constable and Parker (1991) developed a smoothness penalized deconvolution with cubic spline expressions in which the optimum smoothness is determined by adjusting the misfit between the data and the model to the measured noise level. Oda and Shibuya (1994) pointed out that the deconvolution scheme by Constable and Parker (1991) leads to an unstable solution when the noise level is underestimated. Oda and Shibuya (1994) introduced a Bayesian deconvolution method in the form of smoothness penalized least squares fitting. The optimum smoothness parameter is determined by minimizing Akaike's Bayesian Information Criterion (ABIC) proposed by Akaike (1980) and the appropriate noise level is estimated at the same time. Oda and Shibuya (1996) further developed the ABIC-minimizing deconvolution for ODP pass-through paleomagnetic data in the three dimensional form incorporating cross terms. The ABIC-minimizing deconvolution was applied to the passthrough data of the Brunhes/Matuyama polarity transition from three holes of ODP Leg 124 (Oda, 1995) . For Holes 769A and 769B, the deconvolution was quite successful and the results are consistent with each other, whereas the estimated magnetization was noisy for Hole 767B after the deconvolution. The large error is suspected to be due to thin layers that have several times stronger magnetizations than in other parts. Possible cause is disturbance at the core top or sudden lithological transition such as volcanic ash layers. Thus, we developed a modified deconvolution scheme that can eliminate the disturbance of a sudden intensity change by the introduction of two smoothness parameters. The new scheme was applied to the pass-through paleomagnetic data from ODP Hole 767B.
Formulation
The basic formulation follows Oda and Shibuya (1996) . The continuous measurement of the magnetic remanence of a long-core sample is expressed by unit slices of homogeneous magnetization, in the vector-matrix representation:
where d denotes the magnetic moment which is the output of the sensor, m the magnetization of the sample, R the sensor response matrix, and e the noise in measurements. The configuration of ODP's magnetometer using half-column samples with flat surface facing up results in cross-terms between x (downward) and z (down-core) axes (Oda and Shibuya, 1996) . Both the vectors and the response matrix can be expressed by x, y, and z components as The main source of the noise is considered to be mispositioning in the measurement, lateral heterogeneity of the magnetization (distortion by drilling), and discrepancy of the estimated sensor response from the true one (Oda and Shibuya, 1996) . However, the noise in the three components are assumed to be independent and subjected to the Gaussian noise in the first order approximation as a mixture of various noise sources, resulting in easy calculation. The mean of the noise is assumed to be zero and its variance is τ. As a result, the probability distribution of the whole-core data is given by
where N is the number of measured points.
Release from end disturbance
The deconvolution is stabilized by introducing smoothness constraints by L 2 -norm of second order difference for the magnetization. In terms of the Bayesian statistics, this stabilization is accomplished by a prior distribution based on the knowledge that the magnetization changes smoothly. Oda and Shibuya (1996) used a smoothness parameter u for the whole core sample to suppress the fluctuations, assuming that the smoothness of the magnetization does not vary throughout the section. In order to introduce a knowledge that the end of the core is disturbed and the magnetization of this part fluctuates strongly (e.g. mechanically and magnetically disturbed top core of Section 767B-6H1), the prior distribution was changed to include another smoothness parameter for this portion. The parameter u is adopted for the normal undisturbed part of the core which was used by Oda and Shibuya (1996) and the other is a newly defined parameter v for the disturbed top part from point 1 to point K. Using these two hyperparameters, the smoothness of the magnetization is expressed as
Here M is the number of uniformly magnetized unit slices, ξ = (x, y, z), and α ξ1 , β ξ1 , α ξ2 , and β ξ2 are properly chosen parameters that can be optimized as part of a least squares fitting of Eq. (10) described below (detailed formulation follows Oda and Shibuya, 1996) . This incorporates change in the smoothness of the magnetization such as sudden lithological change, disturbance by coring, and rust contamination. Equation (4) can be expressed simply by the matrix as 
where D 2, p is given by
Here α and β are the parameters properly chosen for optimization as part of a least squares fitting described below (Eq. (10)). Using the expression above, the prior distribution of magnetization is written as
where a is a normalization constant. According to the Bayes theorem, the posterior distribution is deduced to be 
which describes a probability distribution of the data under the condition of a prior distribution. Akaike (1980) 
Release a thin layer
For the case that a strongly magnetized layer such as volcanic ash layer is embedded in a normal layer, three Equation (13) is substituted in Eqs. (5b) and (9), and finally ABIC minimization is executed similarly to the case without the disturbed layer.
Results
The two advanced piston core (APC) samples of 1.5 m length from ODP Leg 124, Sections 767B-6H1 and 767B-6H2 were analyzed for the comparison between the previous single-parameter scheme and the new dual-parameter scheme. These core samples are composed of hemipelagic volcanogenic clayey silt and paleomagnetically stable because of strong magnetization intensity (Rangin et al., 1990) . Paleomagnetic measurements were made at intervals of 5 mm after 20 mT alternating field demagnetization (AFD) on board. In the raw data from Sections 767B-6H1 and 2 there are no flux-jump miscounting or spike noise as reported for the pass-through data from Holes 769A and 769B by Oda and Shibuya (1996) . Figure 1 shows the results by the deconvolution scheme by Oda and Shibuya (1996) which only one smoothness parameter applies to the two data sets separately. The magnetization obtained after the deconvolution are indicated by horizontal bars (95% confidence limit) with the original magnetic moment before deconvolution (broken lines). Open circles and triangles correspond to the paleomagnetic results of discrete samples after AFD at 20 mT and thermal demagnetization (ThD) at 400°C, respectively. Note the large directional error at the polarity transition zone where magnetization intensity is low (~48.5 mbsf) .
Following the single-parameter deconvolution, the new dual-parameter scheme was applied to the same APC data sets. The magnetization at the top of Section 767B-6H1 were assumed to be seriously changing (lower smoothness) due to the obvious drilling disturbance (Rangin et al., 1990) . This is also observable as disturbance in raw paleomagnetic data (Fig. 1) . The first program which introduces two distinct layers was applied to Section 767B-6H1. As for Section 767B-6H2, magnetization shows strong intensity and large directional fluctuation at about 49.6 mbsf ( Fig. 1) corresponding to the Australasian microtektite layer Table 1 . Results of ABIC-minimizing deconvolution. (Schneider et al., 1992) . For this section, the second program assuming three distinct layers was applied. By releasing top 3 points (0-1.5 cm) for Section 767B-6H1 and 10 points from 216 to 225 (108-113 cm) for Section 767B-6H2, we obtained better solutions which yielded a lower minimum ABIC compared with the former single-parameter model (Fig. 2) . ABIC can be used for selecting the optimum model with respect to number of parameters and their values (Akaike, 1980) . The intensity fluctuation and its error are quite large for the released short intervals, whereas the errors of the other parts are reduced by about a factor of 3 for 767B-6H1 and 1.5 for 767B-6H2.
Minimum ABIC was practically searched in the parameter space of lnv versus lnu on 0.5 interval grid points. The minimum ABIC values in the dual-parameter deconvolution are listed in Table 1 for each program with the results of the single-parameter deconvolution. For Section 767B-6H1, six cases were examined, in which top 3, 5, 10, 15, 20, and 30 data points are expressed by another parameter. ABIC comes to a minimum value of -20566 at lnu = -1.0 and lnv = -8.0, when data points between 1 and 3 are released. ABIC values are plotted versus lnu and lnv in Fig. 3(a) . This diagram shows a minimum in the trough as indicated by an arrow.
The Australasian microtektite layer, Section 767B-6H2 at about 110 cm (Schneider et al., 1992) , was treated by a separate parameter released from the other part and the second program was used in its calculation. In the determination of released data points, we examined three different portions; 216-225, 211-230, and 201-240 . The minimum ABIC is found to be -22430 for the partition from 216 to 225. The magnetization intensity after deconvolution shows a sudden increase at 112 cm and a peak at 110 cm. The number of microtektites counted per gram is 296 at 113 cm, which abruptly reduces to 56 at 108 cm and 9 at 118 cm (Schneider et al., 1992) . ABIC versus lnu and lnv are plotted for the optimum partition in Fig. 3(b) . The minimum ABIC (-22430 ) is detected at the point of lnu = -1.0 and lnv = -3.5 Fig. 4 . The results of ABIC-minimizing deconvolution (Oda and Shibuya, 1996) for Section 767B-6H1 and 2 plotted with depth for declination, inclination and intensity. Solid (dotted) lines show magnetization after the deconvolution for the dual-parameter scheme (single-parameter). Broken lines indicate magnetization (raw data) before the deconvolution. Open circles and triangles represent paleomagnetic results from discrete cube samples after alternating field demagnetization at 20 mT and thermal demagnetization at 400°C, respectively. (Oda and Shibuya, 1996) for Section 767B-6H1 and 2, plotted with depth for x, y, and z components of magnetization. Solid (dotted) lines show magnetization after the deconvolution for the dual-parameter scheme (single-parameter).
Broken lines indicate magnetization before the deconvolution. Open circles represent paleomagnetic results of discrete cube samples after alternating field demagnetization at 20 mT.
indicated by an arrow. The intensity peak may either be caused by a high concentration of magnetic minerals or magnetic inclusions in the microtektites. Figure 4 shows the results by the single-parameter scheme (dotted lines) and the dual-parameter scheme (solid lines) together with the raw magnetization before deconvolution (broken lines). The paleomagnetic results from discrete samples were also plotted by open circles (AFD at 20 mT) and open triangles (ThD at 400°C). Although the data points of the discrete samples seem to be closer to the magnetization after deconvolution than before, it is difficult to conclude which model follows the magnetization of discrete samples better. However, the modified scheme has advantages of the improvement both in minimum ABIC value and in the level of estimated errors. For Section 767B-6H1, intensity variations around 47.1-47.25 mbsf and directional fluctuations around 48.2-48.5 mbsf are clearly reduced by applying the dual-parameter scheme. For Section 767B-6H2, the magnetization fluctuation pattern above the microtektite layer is not significantly changed after the modification, whereas undulations around 49.63-49.80 mbsf are quite reduced. Figure 5 shows the same results in x-, y-, and z-components. As the z-component is small, all the characteristic features mentioned above can be seen in the xand y-components, especially in the y-component.
Discussion and Conclusions
In conclusion the modified ABIC-minimization deconvolution was successfully applied to the real passthrough measurement data from two APC samples of ODP. Minimum ABIC was reduced by assuming the second smoothness parameter for the disturbed core top of Section 767B-6H1 (two distinct layers), and the Australasian microtektite layer of Section 767B-6H2 (three distinct layers) where intensity of magnetization abruptly increases. The spurious fluctuations due to over-relaxation were reduced by the new dual-parameter deconvolution schemes. The errors were lowered by a factor of 3 for Section 767B-6H1 and 1.5 for Section 767B-6H2. These examples demonstrate that the present Bayesian model was significantly improved by introducing additional information, such as physical conditions of the samples other than magnetic remanence data itself, to the prior distribution of the data.
